The aim of this study was to evaluate the influence of meteorological elements on soybean morphological and productive characteristics in five sowing dates. The randomized block design was used in a 5x5 factorial, with the following five sowing dates during the year 2013: the first (10-15), second (10-30), third (11-15), fourth (30-11) and fifth (12)(13)(14)(15) 2013), and the following five soybean cultivars: BMX Alvo RR, BMX Veloz RR, CCGL Tec 5721 IPRO, BMX Tornado RR and CCGL Tec 7849 IPRO, with three repetitions. Total dry biomass, leaf area index, plant height, number of pods per plant, number of grains per plant, 1000-grain weight and yield were assessed. According to analysis of variance, significant difference was found for all variables in the cultivar x sowing date interaction. Soybean cultivars morphological and productive characteristics were influenced by meteorological elements and sowing dates. Leaf area index and total dry biomass had the highest means in 11-15 and 11-30, coinciding with the highest grain yield means, obtained for Veloz and Tornado cultivars, respectively. These results were obtained because these sowing dates had the best conditions, with air temperatures between 13.4 and 34.2 °C, accumulated solar radiation of 3074.009 MJ m -2 , accumulated thermal time of 1959.15 °C days and total rainfall of 732.8 mm.
Introduction
Soybean (Glycine max (L.) Merrill) is one of the most important oilseeds cultivated in the world due to its high protein (40%) and oil (20%) contents, besides high grain yield (Silva & Freitas, 2008) . The use of new production technologies, as well as crop management improvement (aimed at better use of environmental conditions), particularly in relation to water and thermal conditions, made it possible to significantly expand this oilseed cultivated area and yield. In the Brazilian 2014/2015 season, 96.24 million tons were produced, and the estimation for the 2015/2016 crop is of 100.99 million tons (CONAB, 2015) .
Choosing the right time to sow is of fundamental importance, as it influences crop development and growth. Thus, no single crop practice is more important for soybean than sowing date, which is the variable that has the biggest influence on crop yield (Peixoto et al., 2000) .
Soybean sowing date varies depending on crop region, cultivar in use and meteorological conditions of the agricultural year (Peluzio et al., 2010) . In order to define the optimal sowing date, factors such as photoperiod, air temperature, rainfall and solar radiation intensity should be considered, as they are linked to photosynthetic activity. Similarly, thermal time during the crop cycle is important due to its interference in morphological characteristics, especially in leaf area index and production components.
Photoperiod and air temperature especially influence on the number of reproductive primordia and soybean development rate, affecting plant height, crop cycle and crop yield potential (Jiang et al., 2011) . In addition, there is high variability among cultivars regarding photoperiod sensitivity and air temperature, and photoperiod is considered the main factor to determine cultivar adaptation (Rodrigues et al., 2001) .
Besides influencing crop growth and development, meteorological elements are important parameters used in agricultural zoning, sowing date indication, irrigation and yield determination (Cargnelutti et al., 2009) . One way to assess the contribution of meteorological elements in the development of species is through mathematical models.
Mathematical modeling is one of the trends in agronomic science, as it is aimed at detecting factors that might limit cultivation, influencing in the species productive potential. In addition, it predicts crop yields through the conditions in which the plants are developed (Caron et al., 2007) . Thus, agrometeorological models related to growth, development and crop yields in different environments may provide information that enables the agricultural sector to make important decisions (Caron et al., 2007) .
Soybean has been sown precociously to enable off-season corn cultivation. Moreover, offseason soybean planting, installed in succession to the corn crop (Peixoto et al., 2000) , has been observed. However, given the climatic differences of each region and the release of new cultivars, more studies assessing the effect of meteorological elements on soybean crop characteristics, in larger sowing date conditions, are needed. Based on the assumptions that for each soybean cultivar there is an optimum date for sowing, and that there are cultivars that excel others, the objective of this study was to assess the influence of meteorological elements on soybean morphological and productive characteristics in five sowing dates.
Material and methods
The study was conducted in the municipality of Frederico Westphalen -RS, which is located at 27º23'48'' S, 53º25'45'' W, in an elevation of 490 m. The soil of the area belongs to the Passo Fundo mapping unit and is classified as a typical dystrophic Red Latosol, with the following physical and chemical composition: water pH: 6.0; P (Mehlich): 3.0 mg dm -3 ; K: 160 mg dm -3 ; Ca: 6.2 cmolc dm -3 ; Mg: 3.3 cmolc dm -3 ; Al: 0.0 cmolc dm -3 ; CEC: 9.9 cmolc dm -3 ; 76% base saturation and 3.1% organic matter. According to the Köppen climate classification, the region predominant climate is Cfa, characterized as subhumid subtemperate.
The randomized block design was used in a 5 x 5 factorial, with the following five sowing dates during the year 2013: the first (10-15), second (10-30), third (11-15), fourth (30-11) and fifth (12-15), and the following five soybean cultivars: BMX Alvo RR (super early cycle), BMX Veloz RR (super early cycle), CCGL Tec 5721 IPRO (super early cycle), BMX Tornado RR (early cycle) and CCGL Tec 7849 IPRO (late cycle), with three repetitions. The cultivars were chosen for being suitable for the area under study and for being among the most sown by producers.
Fertilization for the experiment was carried out according to the soil analysis results, following crop recommendations. 80 kg ha -1 triple superphosphate and 50 kg ha -1 potassium chloride were applied during sowing. Weed and disease control was held through phytosanitary treatments, following the recommendations of products for the crop (EMBRAPA, 2006) .
Seeds were not treated with inoculants, and sowing was done mechanically, with the aid of a seeder. Thinning was held seven days after emergence, with a final population of 250,000 plants ha -1 . The experimental unit consisted of five 3.0 m rows with 0.45 m spacing. The three central rows were used as plots, and 0.45 m was discarded from the extremities. The experimental procedure was the same for all sowing dates.
Solar radiation (MJ m -2 ), rainfall (mm day -1 ), minimum, maximum and mean air temperature (°C) and thermal time (°C day) daily data were collected from the Automatic Station of the National Institute of Meteorology (INMET), which is located about 200 m from the experiment.
Daily thermal time (TT) determination was conducted according to the equation proposed by Gilmore & Rogers (1958) :
(1) Wherein: Tmean is the mean air temperature; and Tb is the base temperature for soybean node emission, taken as 10 °C (Piper et al., 1996) . Plant morphological characteristics were assessed in the full flowering stage, in which leaf area measurement was conducted using a LI-COR 3000 model leaf area integrator, with the unit expressed in cm 2 plant -1 . The leaf area index (LAI) was determined by the relation between plant leaf area and the area it occupies in the soil (0.04 m 2 ), using the following equation:
Wherein: La is the leaf area; and Sa is the soil area occupied by the plant. Total dry biomass (BIO) was assessed by placing three plant samples per plot in a forced ventilation oven at 65 °C until reaching constant weight, with subsequent weighing and value correction for kg ha -1 . Plant height (PH) was measured by a ruler in five plants per plot as the cm plant -1 distance between the soil surface and the main stem apex extremity.
In order to evaluate yield performance, yield components were analyzed by collecting 10 representative plants per plot, at harvest. Afterwards, the number of pods per plant (NPP) was counted. Then, the number of grains per plant (NGP) was determined through pod threshing and grain counting.
Finally, 1000-grain weight (TGW) was determined by counting and weighing on a precision scale.
In order to determine yield, plants from the useful area of each plot were manually harvested and threshed in a stationary machine. The grains obtained were weighed in a scale with 5 kg capacity and humidity was adjusted to 13%. Yield value, which was obtained in kg plot -1 , was converted to kg ha -¹.
Data were statistically analyzed using the Statistical Analysis System Learning Edition 8.0 (SAS, 2003) computer program, in which factorial analysis of variance and Tukey test (p ≤ 0.05) were conducted for sowing date and cultivar factors. In order to analyze the influence of meteorological elements on morphological and productive variables, Pearson correlation was conducted, which was qualitatively evaluated for intensity using the following criteria, proposed by Callegari-Jacques (2003): null (0), low (0 to 0.3), regular (0.3 to 0.6), strong (0.6 to 0.9), very strong (0.9 to 1.0) and full (1.0) .
The relation between yield and meteorological elements was analyzed by stepwise variable selection using multiple linear regression models (p≤15), considering meteorological elements as input independent variables in the models, and yield as dependent variable. Figure 1 shows mean monthly air temperature (maximum, minimum and mean), accumulated thermal time, solar radiation and rainfall during the experiment. According to the analysis of variance (Table 1) , there was significant difference (p<0.05) for all variables (yield, 1000-grain weight, number of pods per plant, number of grains per plant, total dry biomass, leaf area index and plant height) in the cultivar x sowing date interaction. Significant at 5% error probability; R²: coefficient of determination; CV: coefficient of variation (%); DF: Degree of freedom.
Results and discussions
The highest yield means were found for Veloz and Tornado cultivars in the sowing dates of 11-15 and 11-30, respectively (Figure 2 ). Comparing the previous two sowing dates with that of 12-15, there was a marked yield reduction of 43.8 and 26.2% for such cultivars, respectively.
Yield reduction in late sowing dates for both early and later cultivars may be related to the effect of early flowering with growing cycle shortening (Amorim et al., 2011) , resulting in plant height and total dry biomass reduction. This hinders grain filling and results in yield losses. According to Jiang et al. (2011) , these changes in plant morphology and architecture may compromise grain yield.
Another factor that may have influenced yield were the favorable meteorological conditions, as higher total solar radiation and thermal time means were verified in the third sowing date (3074.009 MJ m -2 and 1959.15 °C days) during the cultivars cycle. Meteorological conditions allowed higher crop and productive character development, positively influencing yield. Comparing the third and the fifth sowing dates, there was a considerable reduction in total radiation and accumulated thermal time (2743.571 MJ m -2 and 1770.25 °C day) during the cultivars cycle. The reduction may have triggered crop development changes, such as cycle shortening, having negative effects on yield. Cruz et al. (2010) found similar results in a study conducted in the west of Bahia State, while assessing the yield of five soybean cultivars with different maturity cycles (early, average and late) in four sowing dates (11-29, 12-14, 12-28 and 01-12) , where the highest yields were observed in the first sowing date. These authors also verified significant yield reduction as sowing was delayed.
The response of the five cultivars regarding 1000-grain weight in different sowing dates indicates that Alvo cultivar was the best in this feature from the third sowing date (Figure 2 ). However, there was a different response between 1000-grain weight and yield, since the Alvo cultivar, although having the highest means for 1000-grain weight in most of the sowing dates, was not the most productive.
The results agree with those obtained by Ávila et al. (2007) , while studying six soybean cultivars with different maturation cycles and yield components in the state of Paraná. These authors observed that there was no positive interaction between 1000-grain weight and yield for the studied cultivars.
1000-grain weight variation is mainly linked to genetic characteristics of each cultivar, as there are cultivars that have fewer grains per plant, although they have positive response in the direction of assimilates for grain filling, resulting in higher grain matter (Perini et al., 2012) . Pipolo et al. (2005) found that there is high variation among soybean cultivars for 1000-grain weight. These authors also verified that the higher the number of pods with two grains per plant, the higher the grain matter.
For the number of pods per plant and number of grains per plant (Figure 2 ), similar response was found between sowing dates and cultivars. It was found that the highest means were obtained at the sowing date corresponding to 10-15, which was observed in Tec 57 and Veloz cultivars. This may be linked to increased plant branching when sown in October, as the plant seeks alternatives to increase radiation uptake in low incident radiation conditions. One of the alternatives is to emit a higher number of branches, enabling an increase in the number of pods per plant and, consequently, increasing the number of grains per plant.
According to Meotti et al. (2012) , there is positive correlation between number of branches and number of pods per plant, as it was found that these variables were significantly associated with the 10-15 sowing date. Therefore, sowing dates around 10-15 and 11-15 should be preferred, as they have more favorable meteorological conditions for crop development.
The critical photoperiod for most Brazilian soybean cultivars is between 13 and 14 hours (Rodrigues et al., 2001) . Fietz & Rangel (2008) evaluated the photoperiod effect for soybean crop in different sowing dates in Dourados, MS. These authors found that, when sowing takes place in October, vegetative development occurs with a lower photoperiod than the critical, which is estimated at 13 hours. For sowing in November, the photoperiod is higher than the critical, allowing maximum crop growth, as the period between emergence and early flowering increases compared to sowing in October.
Total dry biomass accumulated by the crop varied between sowing dates, and the highest means were obtained in the sowing date of 11-15 for TEC 57, TEC 78 and Tornado. Only Alvo and Veloz had higher total dry biomass in the sowing dates of 11-30 and 10-30, respectively (Figure 3) .
Figure 2 -Interactions between soybean cultivars and sowing dates for yield (YIELD), 1000-grain weight (TGW), number of pods per plant (NPP) and number of grains per plant (NGP).
*Means followed by the same letter, by lowercase letter between soybean cultivars and by uppercase letter between sowing dates, do not differ by Tukey test at 5% error probability. * Means followed by the same letter, by lowercase letter between soybean cultivars and by uppercase letter between sowing dates, do not differ by Tukey test at 5% error probability.
The results of this study are in agreement with those observed by Cruz et al. (2010) , where these authors found higher dry matter accumulation by cultivars when sowing was held in 11-29, while late sowing caused marked decreases. According to Setyiono et al. (2007) , in cases where there is sowing delay, canopy growth reduction may occur, decreasing the leaf area index, biomass accumulation and yield. The relationship between total accumulated dry biomass and grain yield is related to the genotype used and its interaction with the environment. Thus, preference should be given to cultivars that are more efficient in photoassimilate conversion for grain production.
Sowing conducted in early and late dates (10-15 and 12-15) promoted lower dry matter accumulation, possibly due to decreased accumulation of degree-days, caused by temperature decrease. Dry matter production variations may be associated with LAI differences (Figure 3) , since interception efficiency is of great importance in dry matter production, which depends on other LAI factors.
The highest LAI means were obtained in sowing conducted in November (11-15 and 11-30), and means close to 5 were found for the cultivars under study. According to Schöffel & Volpe (2001) , the critical LAI value for the soybean crop to intercept 95% of radiation is around 3.9. Thus, means found in this study are above the LAI critical value. This fact can be explained by higher vegetative development, which was provided by the favorable meteorological conditions that occurred in November.
LAI increase is also linked to higher leaf emission during the crop cycle, enabling higher incident solar radiation uptake to be converted to total dry biomass, resulting in increased yield. The results found in this study are similar to those found by Cruz et al. (2010) , who found that sowing in 11-29 provided higher leaf increase along the cultivars maturation cycle. In addition, plants with the highest number of leaves increased the leaf area, enabling higher solar energy capture and conversion to dry matter, resulting in higher yield.
With LAI increase up to a critical value, light interception is also increased and, consequently, net photosynthesis. However, the increased interception occurs up to a certain critical LAI, from which leaves begin to self-shade. Thus, increased leaf area does not result in an increase in the amount of intercepted light (Casaroli et al., 2007) .
The highest plant height was observed in the sowing date of 11-30 for TEC 78 and Alvo cultivars (Figure 3 ). This is attributed to higher vegetative development compared to other dates. Compared to last sowing date, a marked plant height decrease was observed, which may be linked to maturation cycle shortening, resulting in lower plant development and plant height reduction.
According to Amorim et al. (2011) , who studied seven soybean cultivars with different maturation cycles in relation to four sowing dates (10-30, 11-15, 12-14 and 12-31) in Uberlândia -MG, it was observed that, in the first dates (10-30 and 11-15), cultivars had higher height (100 cm on average), while the average height was only 77cm in late sowing (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Thus, the statement that late sowing results in plants with lower height when compared to those planted at the recommended time is confirmed.
Through simple linear correlation analysis (Table 2) , it was observed that incident solar radiation was the variable with the highest negative correlation with yield for Alvo (r = 0.79) and Tec 57 (r = 0.74) cultivars. Similarly, this response was observed for 1000-grain weight in Alvo (r = 0.83) and Veloz (r = 0.76) cultivars. 
TMAX -Maximum air temperature (°C),
TMIN -Minimum air temperature (°C), (11) TMEAN -Mean air temperature (°C), (12) RAIN -Rainfall (mm),
TT -accumulated thermal time (°C days).
The negative effect of incident solar radiation excess may be related to increased plant transpiration rate, resulting in stomatal closure and reduced photosynthesis (Taiz & Zeiger, 2013) . Another factor to be observed is linked to the possibility of carotenoid pigments being unable to dissipate the energy excess of electronic excitation into heat, what may form toxic by products, such as free radicals, affecting the photosynthetic apparatus through membrane degradation due to light saturation (Taiz & Zeiger, 2013) .
For the Tec 78 cultivar, there was strong and positive correlation between incident solar radiation, yield (r = 0.64) and 1000-grain weight (r = 0.69). This may be associated with the cultivar cycle, which has a late cycle and higher vegetative period. Therefore, this cultivar requires a higher amount of radiation to reach maturation. Another factor to be considered is the different response of each cultivar to environmental conditions, as higher available radiation enables higher photosynthetic activity, resulting in higher photoassimilate production for grain filling, increasing yield.
Air temperature (maximum, minimum and mean) meteorological elements had a positive correlation with yield and morphological variables (Table 2) . Temperature influenced all crop development stages, from germination to maturation, and the range considered optimal for crop development is between 20 and 30 °C (EMBRAPA, 2006) .
Soybean responded positively to minimum temperature increase. In conditions of temperatures lower than 10 °C, i.e., below base temperature, vegetative growth is negligible. Thus, photosynthetic capacity is reduced, leading to reductions in the number of reproductive primordia and development rate. Moreover, in conditions of temperatures higher than 40 °C (EMBRAPA, 2006) , flowering damage occurs, reducing pod retention.
The relation between morphologic variables and air temperature may be related to plant physiology, i.e., photosynthesis rate. In addition, temperature increase may have contributed to increase the photosynthetic rate and cellular respiration, with positive impact on plant growth by modifying the leaf area index, influencing in dry matter accumulation and plant height. According to Caron et al. (2014) , air temperature is an environmental factor of fundamental importance, as its variation may significantly change plant physiology, compromising its metabolic rate and growth.
Regarding the accumulated thermal time (Table 2) , it was found that the super-early cycle cultivars (Alvo, Tec 57 and Veloz) were negatively correlated with yield and 1000-grain weight. However, Tec 78 cultivar, which has a late cycle, had positive correlation for these characteristics. Photoperiodic sensitivity varies according to soybean genotypes, and each cultivar has specific photothermal index accumulation needs to reach a certain vegetative/reproductive stage (Toledo et al., 2010) . In the case of long cycle crops, higher degree-days accumulation is needed compared to early maturing cultivars.
Unfavorable temperatures, i.e., outside the range between 20 and 30 °C, low solar radiation conditions and short photoperiod (low thermal time) are the most common abiotic factors that occur in late sowing. In addition, these factors may interact with soybean plants, affecting crop growth and development.
Models resulting from the stepwise regression method (p≤15%) are shown in (Table 3) . Only yield was selected as dependent variable, as it is considered the main productive characteristic analyzed. 
TMAX -Maximum air temperature (°C) The stepwise method resulted in only a single step for Alvo, Veloz and Tec 57 cultivars, in which only the meteorological element that correlated the most remained in the model, which were incident solar radiation, mean air temperature and accumulated thermal time, respectively. Thus, it is observed that meteorological elements differently influenced soybean cultivars yield, in which each cultivar had higher sensitivity to a particular element.
Tornado and Tec 78 cultivars had a significant model with more than one meteorological element (Table 3) . Regarding meteorological elements influence in yield, it can be inferred that incident solar radiation, air temperature and thermal time were the elements that interfered the most on yield. This result is reinforced by the high correlation, both positive and negative, between elements and yield found in the simple correlation analysis (Table 2) .
Multiple regression use requires variables that are correlated with the dependent variable, which was soybean yield in this case, and meteorological elements. Junges & Fontana (2011) , while studying agrometeorological models of wheat grain yield estimate in Rio Grande do Sul, found that multiple linear regression equations generated from agrometeorological indicators (rainfall, frost index and thermal time) properly characterized environmental conditions and their effects on the final yield definition of wheat crops. Thus, multiple linear regression can be used to estimate this variable.
Multiple linear regression models, which are built through meteorological elements, contribute to generate information. When this information is combined with other statistical analyzes, it may provide information that allows the agricultural sector to make important decisions.
For the set of cultivars analyzed in the region under study, sowing dates around 11-15 and 30-11 should be preferred, as they have the most favorable weather conditions for crop development. It was also possible to verify that the highest yields were found in this sowing period, and were possibly influenced by the high means found for morphological variables in the same period. Late sowing (12-15) negatively affected productive and morphological characteristics of the cultivars under study, damaging plant growth and final yield.
Conclusions
Soybean cultivar morphological and productive characteristics are influenced by meteorological elements and by sowing dates. Leaf area index and total dry biomass have the highest means in the sowing dates of 11-15 and 11-30, coinciding with the highest grain yield means obtained for Veloz and Tornado cultivars, respectively. These results were obtained because those sowing dates showed the best conditions, with air temperatures between 13.4 and 34.2 °C, incident accumulated solar radiation of 3074.009 MJ m -2 , accumulated thermal time of 1959.15 °C days and total rainfall of 732.8 mm.
